Growth and optical properties of copper selenide nanowires (nws) in alumina template were studied and discussed in respect to their application as films doped with semiconductor nanocrystals that provide promising optical properties. The results obtained indicate that nanoscaled copper selenide structures uniformly embedded at the bottom of alumina less than a micron in depth could be useful for mode locking in picosecond YAG type lasers. The operating wavelength of the material was identified by optical characterization. Copper selenide nanowires were examined as saturable absorber to yield passive wave mode-locking in a Nd 3+ / YAG laser (λ = 1.064 µm). Both the deposition conditions and subsequent annealing define the stoichiometry of copper selenides providing a slight shift of absorption spectra. One of the preponderant modern sciences nowadays is nanotechnology. While studying new semiconductor nanomaterials, great interest arrived for copper selenide nanoparticles [1] [2] [3] [4] [5] [6] [7] [8] [9] . One of their promising applications is optical switching devices, because of the transient bleaching effect [7] [8] [9] . Size, chemical composition, and crystalline structure of nanoparticles determine the character of light absorption processessame as for indirect p-type semiconductor, copper selenide Cu x Se y . Under ambient conditions the material exists as a series of stable and metastable phases, with the stoichiometry coefficients x and y varying from 1 to 3. Variation in stoichiometry results in change of crystalline structure, absorption spectra, and both direct and indirect band gap E g,dir , E g,indir values [10] . Moreover, the crystalline structure and phase composition of copper selenide leads to different optical and other properties obtainable by annealing of specimens.
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In recent years, a number of researchers have explored semiconductor nanocrystals as saturable absorbers to create passive mode-locked solid-state lasers [7] [8] [9] . Nanostructured copper selenide appears to gain shallow absorption centres characterized by the absorp- * The report presented at the 37th Lithuanian National Physics Conference, 11-13 June 2007, Vilnius, Lithuania.
tion peak in near-IR, which leads to optical nonlinearity effects [10] . The observed absorption range appears to be consistent with the first harmonic of YAG type solid state laser (wavelength within 1-1.5 µm). We studied here for the first time the nonlinear optical properties and mode-locking performance of porous alumina thin films containing copper selenide. Thus, arrays of nanoscaled Cu 3 Se 2 (umangite) before and after annealing at several different temperatures were fabricated and investigated.
Aluminium foil of 100 µm in thickness and 99.995 at% purity from Goodfellow was used to prepare samples of 12 × 12.5 mm 2 in dimensions. Before anodizing, the surface of samples was cleaned by degreasing in acetone, etching in a hot 1.5 M NaOH solution for 20 s, desmutting in 10% HNO 3 , thoroughly rinsing, and drying in nitrogen stream. The growth of porous aluminium oxide was performed by direct current (dc) anodizing of cleaned samples in a stirred solution of 0.3 M oxalic acid at 17 • C and 40 V for 45 min using two coal stripes as cathodes.
Electrodeposition of copper selenides within the alumina pores was performed in a glass cell in which two graphite rods were used as the auxiliary and an Al / alumina as working electrodes. The solution containing CuSO 4 , H 2 SeO 3 , and MgSO 4 as in earlier study [11] kept at room temperature was used to deposit almost pure phase of Cu 3 Se 2 . The proper acidity of solution was adjusted by H 2 SO 4 . The deposition of copper selenide was carried out using the alternating current (ac), 50 Hz in frequency, centring at 0 V, under constant ac current density (j ac ) mode of ∼4.0 mA/cm 2 for 1 to 30 min. The solution was stirred during deposition.
The annealing of samples was carried out in an open oven at 100, 150, 200, 300, 350, and 400 • C temperatures for an hour.
X-ray diffraction measurements were performed with a diffractometer D8 (Bruker AXS, Germany) equipped with a Göbel mirror using Cu K α radiation and step-scan mode with a step magnitude of 0.02 • and a counting time of 20 s in the 2Θ range from 15 to 55 • .
The optical absorption spectra of copper selenide arrays within the alumina pores was determined from transmittance spectra recorded in respect to pure alumina matrix using spectrophotometer Shimadzu UV-3101PC.
Picosecond Nd 3+ : YAG laser resonator was used to verify the relevance of aluminium oxide thin films containing copper selenide nanowires for laser light modelocking. Schematic view of the laser resonator used is presented in Fig. 1 .
Scanning electron microscopy (SEM, Philips XL model) conventional analysis showed the densely positioned aluminium oxide columns each containing a nanochannel inside (see Fig. 2(a,b) ). Via additional etching in 0.5 M phosphoric acid solution at 30 • C for 30 min, widening of alumina channels was performed. Templates containing cells of about 108 nm in size and nanochannels close to 45 nm in diameter and about 7 µm long were fabricated.
The XRD patterns of samples annealed at different temperatures are presented in Fig. 3 . Stoichiometric Cu 3 Se 2 consists of metastable phase of copper selenide that changes structure at higher temperatures. Experiments prove that annealing at 150 • C and higher temperatures leads to restructuring of Cu 3 Se 2 to nonstoichiometric Cu 2−x Se phase. Parameter x tends to decline upon rising temperature. The crystal size increases and the energy band gap declines when x approaches zero [12] [13] [14] [15] [16] [17] [18] . As expected, the change of crystalline structure after annealing of stoichiometric Cu 3 Se 2 compound was observed. This effect is possibly determined by diffusion of selenium from the compound. The sample annealed at 150 • C is mainly a twophase composition of stoichiometric Cu 3 Se 2 and nonstoichiometric Cu 2−x Se phase. Typical XRD pattern of the sample annealed at 350 • C did not show any crystalline phase of copper, selenium, or copper selenides. Sample annealed at 400 • C did not show any phase either. However, annealing at 300 • C provided homogeneous Cu 1.85 Se phase. Figure 4 shows absorption spectrum for the annealed alumina samples containing copper selenide nanowires (100, 200, 300, 400 • C). All the samples possess strong absorption peak close to 1 eV, however, the position of the peak slightly varies from sample to sample. Rise of the annealing temperature diminishes the absorption coefficient value. This effect is determined by compositional changes during the annealing process. A slight shift of the absorption peak was observed as well: a red shift with annealing temperature.
Testing the samples within Nd 3+ : YAG laser resonator, indication of mode-locking was observed (see oscillogram in Fig. 5 ). Sample annealed at 300 • C tends to indicate mode-locking. However, the asdeposited sample and those annealed at 100, 150, 200, 350, and 400 • C temperature showed poor or even no effect in that case. After testing the 300 • C sample vi- sual change of sample colour (a track) was observed. It seems that the effect arises only after laser light has been applied. Absorption analysis of the laser-affected sample did not show discernible absorption shift, only a slight reduction of absorption (see Fig. 4 ).
In conclusion, aluminium oxide matrixes with copper selenide nanowires of different phase inside were fabricated. Investigation of structural and optical properties of copper selenide nanowires, together with a test of samples as saturable absorber in Nd 3+ : YAG laser for mode-locking at 1.064 µm wavelength, was performed. It was found that Cu 1.85 Se fits best for this laser application.
